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Tubulinea  is  a  phylogenetically  stable  higher-level  taxon  within  Amoebozoa,  morphologically
characterized by  monoaxially  streaming  and  cylindrical  pseudopods.  Contemporary  phylogenetic
reconstructions have  largely  relied  on  SSU  rDNA,  and  to  a  lesser  extent,  on  actin  genes  to  reveal
the relationships  among  these  organisms.  Additionally,  the  test  (shell)  forming  Arcellinida,  one  of  the
most species-rich  amoebozoan  groups,  is  nested  within  Tubulinea  and  suffers  from  substantial  under-
sampling of  taxa.  Here,  we  increase  taxonomic  and  gene  sampling  within  the  Tubulinea,  characterizing
molecular data  for  22  taxa  and  six  genes  (SSU  rDNA,  actin,  -  and  -tubulin,  elongation  factor  2 and  the
14-3-3 regulatory  protein).  We  perform  concatenated  phylogenetic  analyses  using  these  genes  as  well
as approximately  unbiased  tests  to  assess  evolutionary  relationships  within  the  Tubulinea.  We  conﬁrm
the monophyly  of  Tubulinea  and  four  of  the  six  included  lineages  (Echinamoeboidea,  Leptomyxida,
Amoebida and  Poseidonida).  Arcellinida  and  Hartmanellidae,  the  remaining  lineages,  are  not  mono-
phyletic in  our  reconstructions,  although  statistical  testing  does  not  allow  rejection  of  either  group.
We further  investigate  more  ﬁne-grained  morphological  evolution  of  previously  deﬁned  groups,  con-
cluding that  relationships  within  Arcellinida  are  more  consistent  with  general  test  and  aperture  shape
than with  test  composition.  We  also  discuss  the  implications  of  this  phylogeny  for  interpretations  of
the Precambrian  fossil  record  of  testate  amoebae.
© 2013  Elsevier  GmbH.  All  rights  reserved.
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Introduction
The  Tubulinea  are a monophyletic  lineage within
the  Amoebozoa  (Smirnov  et al.  2005). Unlike
many  other eukaryotic groups  proposed  in recent
years,  these  amoebae  are  marked by a  puta-
tive  synapomorphy  (deﬁning  character): monoaxial
©  2013  Elsevier  GmbH.  All  rights  reserved.
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streaming of cytoplasm  within  roughly  cylindrical
pseudopods  (Smirnov et al. 2005). Some  orga-
nisms  in this group  can produce several cylindrical
pseudopods,  as in the  genus Amoeba,  while oth-
ers  have a single semi-cylindrical  pseudopodial
protrusion  that comprises the entire body,  giving
them  a slug-like  (limax)  shape, as in the genus
Saccamoeba.  The  Tubulinea are currently divided
into  six major groups  with  deﬁning morphologi-
cal  characteristics  and varying levels  of support in
molecular  reconstructions.  These are:  Echinamoe-
boidea,  Leptomyxida,  Amoebidae, Hartmannelli-
dae,  Poseidonida  and  Arcellinida. The  Tubulin-
ida  (comprised  of Amoebidae  + Hartmannellidae),
Echinamoeboidea,  Leptomyxida  and the  recently
described  Poseidonida  are  recovered  with high lev-
els  of support  in trees  based  on SSU  rDNA and
actin  gene  datasets  (see  Lahr et al.  2011). The
Arcellinida  are a  species-rich  assemblage  char-
acterized  by  the ability to produce  a test (shell).
In  molecular reconstructions,  the  Arcellinida  are
either  not  monophyletic or exhibit low  to moder-
ate  levels  of support,  with more comprehensive
taxon  sampling tending to decrease support (Lahr
et  al. 2011; Smirnov  et  al. 2011).  Finally,  a core
group  of organisms within the Hartmannellidae  are
often  recovered with high levels  of support,  but
with  the lineage  Saccamoeba  limax  ATCC  30942
branching  separately  from  this  main  group,  ren-
dering  the Hartmannellidae  paraphyletic  (Bolivar
et  al.  2001; Cavalier-Smith  et al.  2004;  Fahrni
et  al. 2003;  Lahr et al. 2011; Pawlowski and
Burki  2009; Smirnov et al.  2005; Tekle  et al.
2008).
Taxonomic  instability  also  impacts genera  within
the  Tubulinea.  The  genus  Hartmannella  (and  Fam-
ily  Hartmannellidae  by consequence) is probably
one  of the most  affected by recent molecular
reconstructions.  Many  small  (10-30  m) amoebae
that  present a limax-like  locomotive  form were  orig-
inally  described as different  species in the genus
Hartmannella  (Page 1987).  Based on morpholog-
ical  evidence, several species  were  later  removed
from  the genus  (e.g.  Nolandella  (Page  1983) and
Echinamoeba  (Page 1975)). Molecular  studies
showed  that Vermamoeba  vermiformis, a common
freshwater  and soil amoeba recently transferred  out
of  Hartmannella  is in fact  more  closely  related  to
Echinamoeba  than  to other  limax-shaped  amoebae
that  are  now considered the “core-hartmannellids”
(Glaeseria,  Saccamoeba)  (Amaral Zettler et al.
2000;  Fahrni et al. 2003).  Further,  marine  species
of  Nolandella  and H. abertawensis were  shown  to
form  the highly-supported  Poseidonida (senior  syn-
onym  of Nolandida  (Smirnov  et al.  2011)), distinct
from other hartmannellids  (Lahr  et al. 2011).  Sur-
prisingly,  the sorocarpic  (fruiting body producing)
slime  mold  Copromyxa  protea  was shown to  be
very  closely related  to H.  cantabrigiensis,  promp-
ting  transfer of the latter to the genus Copromyxa
(Brown  et al. 2011).
Arcellinida  are conspicuous  and abundant amoe-
bae  that  occupy distinct tests (shells) that have
been  argued  to  be  valuable  structures  for both
species  delimitation  and  phylogenetic  inference
(Meisterfeld  2002). In this group,  molecular
evidence  does  not corroborate  morphological pre-
dictions  in three signiﬁcant  and distinct instances:
1)  some  genera  appear  not to be  monophyletic,
including  Heleopera  and Nebela (Lara  et  al. 2008;
Nikolaev  et al. 2005); 2) relationships  proposed
based  on  shell  form and  composition  are not recov-
ered  – genera  within the Suborder  Arcellina, which
are  deﬁned  based  on  the possession  of an  organic
membranous  shell, are  not monophyletic  (e.g.  Pyx-
idicula,  Arcella  and Spumochlamys  (Lahr et al.
2011)),  and  ﬁnally; 3) at the most inclusive level,
increased  taxonomic  sampling  results in reduced
support  for the  entire group,  opening up  the pos-
sibility  that Arcellinida  is not  monophyletic  (Lahr
et  al. 2011). However, taxonomic  sampling is still
far  from comprehensive  in this  species-rich group,
making  it difﬁcult  to evaluate these  taxonomic insta-
bilities.
A  further  limitation  of previous  work is that phy-
logenetic  inference  in the Tubulinea has relied
mostly  on  SSU rDNA and, to a lesser extent,  on
actin  genes (Fahrni et al.  2003;  Lahr  et al. 2011;
Smirnov  et al. 2011). The  problems  associated with
single  gene  reconstructions  are well known and
have  been  extensively dealt with  elsewhere  (e.g.
Baldauf  et  al.  2000;  Philippe  and Douady 2003).
The  actin gene  family, the second  most sampled
marker,  poses challenges  for phylogenetic recon-
struction  due to high  levels of paralogy present in
many  members  of the  group (Lahr et al. 2010).
Here,  we present  a phylogenetic  reconstruction of
the  Tubulinea  that  capitalizes  on sampling of SSU
rDNA,  actin and additional  genes coding for  four
proteins:  - and -tubulin, eukaryotic elongation
factor  2 (eEF2), and the regulatory  protein 14-3-
3.  We provide  molecular  data for 22 taxa  from all
six  currently  deﬁned  groups  in the Tubulinea, with
greatest  emphasis  on the diverse Arcellinida (15
taxa), adding  a total of 111  new gene sequences.
We  perform  phylogenetic  reconstructions  includ-
ing  a representative  sample  of eukaryotes  to test
monophyly  at higher  taxonomic  levels, as  well
as  speciﬁc hypotheses  of evolution  within  the
Tubulinea.
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Results
Genes Characterized
We characterized  a total of 111 gene  sequences
for  22  taxa  (Table 1): nine SSU  rDNAs for seven
taxa  (752-1958  bp),  45 actin genes from 18 taxa
(∼796  bp),  a total  of 18 -tubulin genes  for 14
taxa  (∼900 bp),  12 -tubulin genes  for 10 taxa
(∼450  bp),  9 eEF2 genes for  9  taxa  and (∼840 bp),
and  15 14-3-3  genes  for 10 taxa (∼500  bp). For
SSU  rDNA, both Lesquereusia  spiralis  and  Hele-
opera  sphagni  yielded  multiple  sequences:  the 2
SSU  rDNAs  for H. sphagni  are  identical  except that
one  contains  a group  I intron; two of the three  L.
spiralis  SSU rDNAs are very  similar (0.6% diver-
gence)  while a third  averages  2.4%  divergence  from
the  other  two. As the DNA extraction  for both  taxa
was  performed  from a pool of individuals,  the yield
of  multiple SSU rDNAs may reﬂect  intra-population
variation.
We  found varying  levels  of paralogy  in protein-
coding  genes. There  is extensive  paralogy  of actin
genes  as expected  based  on previous  work on the
genus  Arcella  (Lahr et al. 2010),  with 11 of the 18
taxa  sampled  here  containing  gene  duplications.
For  -tubulin the taxa  Difﬂugia  cf. lacustris and
Quadrulella  symmetrica contained paralogs;  for -
tubulin  the taxa  Difﬂugia cf.  lacustris. and Chaos
carolinensis  contained  paralogs, for  14-3-3  the taxa
Hyalosphenia  papilio, Nebela  penardiana  and Net-
zelia  wailesi had paralogs  (Table 1).  We found no
indication  of paralogy  for the  gene  for eEF2.
Single Gene Tree Results
We performed  individual  phylogenetic  reconstruct-
ions on each of the  genes  sampled,  to look for
ancient  gene  duplication  events  in order  to  choose
appropriate  genes for concatenation.  Single-gene
trees  made from protein  coding genes  have so  far
shown  limited  utility  for reconstructing  deep rela-
tionships  in Amoebozoa.  Additionally, the  variable
taxon  sampling for each gene makes  comparisons
difﬁcult  (Figure  2 shows  phylogenies  for protein
coding  genes and Supplementary Figure S1 shows
the  phylogeny for SSU rDNA).  In most  cases  for
protein  coding  genes,  paralogy  seems  to occur
independently  at shallow levels,  without  evidence
for  ancient  duplications. For both actin and 14-3-3,
there  is evidence  of duplication events that pre-
date  the divergence  of genera  within the  Nebelidae
and  so we used the topologies  generated  here  to
choose  likely orthologs  for  concatenation.  In other
cases  where  multiple  paralogs  for  an  isolate were
monophyletic, we  chose the shortest  branching par-
alog.
Concatenated Trees Results
General  topology:  The topology  obtained from
the  concatenated  analyses  (Fig. 3A) is largely
congruent  with comprehensive  eukaryotic analy-
ses  (e.g.  Hampl  et al. 2009;  Parfrey et al. 2010;
Yoon  et  al. 2008) and Amoebozoa-speciﬁc  recons-
tructions  (Lahr et al.  2011; Shadwick  et al. 2009;
Smirnov  et al. 2005;  Tekle  et al. 2008). The
Tubulinea  appear  monophyletic  without bootstrap
support  (<50% BS,  Fig. 3A), and  four of the six
major  included  lineages  receive  moderate to  high
support  (Fig. 3B): Echinamoeboidea  (73% BS),
Leptomyxida  (99% BS), Amoebida  (Hartmannell-
idae  + Amoebidae  93%  BS), Amoebidae (100%
BS)  and Poseidonida  (100%  BS). Two remaining
lineages  are non-monophyletic  as in both cases
a  single taxon branches  separately  from the main
group  of taxa  (Fig.  3B). For  the Arcellinida, both
isolates  of Heleopera  sphagni  branch separately
from  the core group.  The  SSU rDNA and actin
sequences  reported  from  our  isolate of H. sphagni
from  Massachusetts  closely  match  previously pub-
lished  sequences  from  an H. sphagni isolate in
Switzerland,  indicating  that  the position of  H.
sphagni  in our  tree is  unlikely due  to  misidentiﬁca-
tion  or contamination.  However, the  approximately
unbiased  (AU) test  cannot reject the possibility that
Arcellinida  sensu  strictu (including  H.  sphagni)  is
monophyletic  (Table 3). The  Hartmannellida are
also  not  monophyletic,  with  a highly  supported  core
group  containing  Saccamoeba  lacustris, Glaeseria
mira  and Copromyxa spp. (100%  BS, Fig. 3B)  more
closely  related  to the  Amoebidae  than  to the lineage
Saccamoeba  limax  ATCC 30942. Again, an AU test
cannot  reject  the  possibility that the Hartmannellida
sensu  strictu (i.e. including  S.  limax  ATCC  30942)
is  monophyletic  (Table 3).
Phylogeny of the Major Tubulinea
Lineages
The  internal  topologies  of major Tubulinea lineages
are  generally  concordant  with morphological obser-
vations  as well  as previous  phylogenetic  recons-
tructions  (Lahr et  al. 2011; Smirnov  et al. 2005;
Fig.  3b). The  few exceptions are  detailed below.
Within  the Echinamoeboidea,  the genus Echi-
namoeba  is monophyletic  (100% BS) and our newly
isolated  Vermamoeba  vermiformis groups with the
other  available  V. vermiformis strain  with charac-
terized  ESTs (100%  BS). The  Echinamoeboidea is
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 al.Table  1. Distribution  of  the  111  genes  characterized  from  22  taxa.
Taxon  Material  Source  Genetic
Material
SSU  rDNA  Actin  tub  tub  eEF2  14-3-3
Arcella  gibbosa Bear  Swamp c - JQ519417-18 JQ519459 - JQ519489  -
Arcella hemisphaerica CB  131310 c,  e - - JQ519460 JQ519477  JQ519490  JQ519397
C. operculata CB  131934 e -  -  JQ519463  JQ519480  -  JQ519399
Difﬂugia bryophila  Hawley  Bog  c  -  JQ519421  JQ519464  -  JQ519492  -
Difﬂugia lanceolata  Hawley  Bog  c  -  JQ519499-501  -  - - -
Difﬂugia cf.  lacustris  Hawley  Bog  c  -  JQ519422-27  JQ519465-67  JQ519481-82  - JQ519400-02
Heleopera sphagni  Hawley  Bog  c  JQ519503-04  JQ519428-30  JQ519469  JQ519483  - JQ519403
Hyalosphenia papilio  Hawley  Bog  c,  a  -  JQ519431  JQ519468  - - JQ519404-05
Lesquereusia modesta  Bear  Swamp  c  -  JQ519437-43  JQ519471  JQ519485  JQ519495  JQ519407
Lesquereusia spiralis CB  131334  c JQ519506-08  JQ519444-45  -  - - -
Nebela carinata  Hawley  Bog  c,  a  -  -  -  JQ519486  - -
Nebela penardiana  Hawley  Bog  c -  JQ519449-51  JQ519472  - - JQ519410-13
Netzelia wailesi  Hawley  Bog  c JQ519509  JQ519447-48  -  - - JQ519408-09
Netzelia tuberculata  Hawley  Bog  c -  JQ519452-54  -  - JQ519497  -
Q. symmetrica  Hawley  Bog  c,  a  JQ519511  JQ519455  JQ519473-75  JQ519487  - JQ519414
V. vermiformis  Smith  Coll.  c,  a,  e  JQ519505  JQ519432-36  JQ519470  JQ519484  JQ519494  JQ519406
Saccamoeba lacustris  CCAP  1572/4  c -  JQ519457-58  JQ519476  JQ519488  JQ519498  JQ519416
Rhizamoeba saxonica  CCAP  1570/2  c -  JQ519456  -  - - -
Nolandella hibernica  CCAP  1534/10  c JQ519510  -  -  - - -
Chaos carolinense  CB  131324  c JQ519502  JQ519420  JQ519462  JQ519478-79  JQ519491  JQ519398
Amoeba proteus  CB  131306  c -  JQ519419  JQ519461  - - -
Nolandella sp.  ATCC  50913  c -  -  -  - JQ519496  -
Note:  c  – cDNA,  a  – genome  ampliﬁcation,  e  – genomic  extraction.
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Table 2. Genes  selected  for  concatenation.
Taxon actin  -tubulin  -tubulin  eEF2  14-3-3
A.  proteus JQ519419  JQ519461  -  -  -
A. gibbosa  JQ519417  JQ519459  -  JQ519489  -
A. hemisphaerica  HM853688  JQ519460  JQ519477  JQ519490  JQ519397
C. carolinesis JQ519420  JQ519462  JQ519478  JQ519491  JQ519398
C. operculata JF694279 JQ519463 JQ519480 -  JQ519399
Difﬂugia (comb) JQ519422 JQ519464 JQ519482 JQ519492 JQ519400
V.  vermiformis JQ519432 JQ519470 JQ519484 JQ519494 JQ519406
H.  sphagni  JQ519428  JQ519469  JQ519483  -  JQ519403
H. papilio  JQ519431  JQ519468  -  JQ519493  JQ519404
Lesquereusia (comb)  JQ519437  JQ519471  JQ519485  JQ519495  JQ519407
N. carinata JQ519446 - JQ519486  -  -
N. penardiana JQ519449 JQ519472 - -  JQ519413
Netzelia (comb) JQ519447 - - JQ519497  JQ519408
Q. symmetrica JQ519455 JQ519473 JQ519487 - JQ519414
R.  saxonica JQ519456 - - -  JQ519415
S. lacustris JQ519457 JQ519476 JQ519488 JQ519498 JQ519416
Nolandella  sp.  50913 EU273446 EU273448 EU273450 JQ519496 -
Note:  Accession  numbers  in  italics  were  previously  available  in  GenBank.  (comb)  indicates  that  genes  from
multiple morphospecies  within  a  genus  were  combined  for  concatenation.
not  only monophyletic  (Fig. 3B), but the AU  test also
rejects  the  possibility of its  grouping with  any other
major  tubulinid  lineage  (Table 3).
The  topology  of Leptomyxida is generally  con-
cordant  with  previous  phylogenetic  reconstructions,
with  the  exception  of the  position  of the isolate
Rhizamoeba  saxonica CCAP 1570/2.  We  recover
two  highly  supported groups  within  the Leptomyx-
ida  (Fig.  3B).  The  isolate  Rhizamoeba  saxonica
CCAP  1570/2,  considered as the most  morpholog-
ically  accurate  representative of the Rhizamoeba
genus  (Smirnov et al. 2008), falls within a  highly
supported  group (93%  BS)  along with represent-
atives  of  Paraﬂabellula,  Flabellula  and  the isolate
‘Rhizamoeba’  sp. ATCC 50933  (Fig. 3B).  This  result
contrasts  with previous  reconstructions  using  only
SSU  rDNA,  where  R. saxonica falls  sister to all
other  Leptomyxida (Dykova  et  al.  2008a;  Smirnov
et  al. 2008),  or  sister  to the group  comprised  of Lep-
tomyxa  reticulata,  Rhizamoeba neglecta  and  two
strains  identiﬁed  as Ripidomyxa sp.  (Smirnov et al.
2009).  We have  sequenced  two genes for this iso-
late  (SSU  rDNA  and actin).  The SSU rDNA  was
identical  to the previously  published  sequence  for
this  isolate (GenBank  #EU719197).  Because  the
actin  groups  with  Ancyromonas in the  gene  phy-
logeny  (Fig. 2A), we  ran an additional independent
maximum  likelihood analysis  using the concate-
nated  dataset  but only SSU  rDNA to represent this
lineage,  as a control  in case  the actin was a con-
taminant.  The  resulting  topology  was identical  (not
shown). The  second group within the Leptomyxida
(100%  BS) contains  the  isolate Leptomyxa retic-
ulata  ATCC 50242,  a Ripidomyxa sp. isolate, as
well  as Rhizamoeba  neglecta,  consistent with the
reconstruction  in  Smirnov  et al. (2009) and the  SSU
rDNA  single  gene reconstruction  (Supplementary
Fig.  S1).
The Hartmannellidae  topology recovered here
is  congruent  with previous  reconstructions as
strain  Saccamoeba  limax  ATCC 30942 branches
separately  from  a well-supported  group of “core
hartmannelids”  (Copromyxa  cantabrigiensis,  Sac-
camoeba  lacustris CCAP 1572/4 and Glaeseria
mira  plus Amoebidae,  Fig.  3b). This  result is  con-
sistent  with the  majority  of previous  reconstructions
(Amaral  Zettler et al. 2000;  Bolivar  et al. 2001;
Brown  et al.  2011;  Cavalier-Smith  et al. 2004;
Corsaro  et al. 2010;  Fahrni  et al. 2003; Shadwick
et  al. 2009;  Tekle  et al. 2008).  However, the  AU  test
does  not reject the possibility  that the  Hartmannel-
lidae  sensu strictu (i.e.  including S. limax) could be
monophyletic  (Table 3).
The Poseidonida  appear  monophyletic and
strongly  supported (100% BS,  Fig.  3B), with the
addition  of a partial  SSU  rDNA sequence for
the  isolate Nolandella  hibernica  CCAP  1534/10.
This  is the strain used  in the original descrip-
tion  of the taxon, though  the  original designation
was  Hartmannella  hibernica  in  Page  (1980) and
then  transferred to  Nolandella  hibernica in  Page
(1983).  This  result taxonomically  validates the
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Nolandellidae  Lahr  and  Katz,  2011  and Posei-
donida  Lahr  and Katz,  2011,  since the type strain
is  now shown  to nest  within the previously  charac-
terized  lineages.
The Amoebidae  are monophyletic  (100% BS,
Fig.  3B).  The  SSU rDNA sequence  for the isolate
of  Chaos  carolinense presented  here is identical  to
the  previously-characterized  SSU  rDNA (accession
#AJ314607).  Two groups  emerge  within  the Amoe-
bidae,  corresponding  to the genera Chaos  and
Amoeba  (both with <50%  BS).  This result  is contra-
dictory  to previous  reconstructions  based solely on
SSU  rDNA where lineages  of Amoeba and Chaos
interdigitate  (Smirnov et al. 2005).
The  non-monophyly  of the  Arcellinida,  with two
H.  sphagni  isolates branching separately  from the
main  group  of  Arcellinida  (<50% BS, Fig.  3B), is
inconsistent  with previous  reconstructions of the
Arcellinida  (Kudryavtsev  et al.  2009;  Lahr  et al.
2010,  2011;  Lara et al. 2008;  Nikolaev  et al.  2005).
However,  highly variable  taxon  inclusion among
studies  makes  comparisons  difﬁcult.  The  AU test
does  not reject  the  possibility  that the Arcellinida
are  monophyletic  (Table 3).  Two groups  within the
Arcellinida  have  high  support:  a group  uniting  Net-
zelia  and Arcella (86%  BS, Fig.  3B) and a group
uniting  the Hyalosphenidae  and Nebelidae  (84%
BS,  Fig.  3B),  also recovered previously  (Lahr  et al.
2011;  Lara  et al.  2008).  These two highly  supported
groups  are  in disagreement  with  the morpholog-
ically  based classiﬁcation  of Meisterfeld  (2002),
where  the Hyalosphenidae  and Nebelidae  are inde-
pendent  lineages,  and Arcella  and Netzelia are in
separate  clades due to  differences  in shell  compo-
sition.
Three  previously  proposed groups  within  the
Arcellinida  are not recovered: the Suborders
Arcellina  and Difﬂugina, and  the Family  Les-
quereusiidae.  The  Arcellina  comprise amoebae
capable  of producing organic  membranous  or
chitinous shells, and are  represented  in the  cur-
rent  sampling  by the  genera Arcella, Pyxidicula
and  Spumochlamys.  The  Arcellina  appears poly-
phyletic  (Fig. 3B): Arcella  is in a  well-supported
clade  with  Netzelia (86%  BS), Spumochlamys is in
a  non-supported  clade  with Difﬂugia and Pyxidicula
appears  at the base  of the  Arcellinida clade, along
with  Cryptodifﬂugia  operculata. However, mono-
phyly  of  the Arcellina  or  any combination of two  taxa
cannot  be  rejected  by AU tests (Table 3). The group
Difﬂugina  comprises  the  majority of Arcellinida,
uniting  amoebae  that  construct the shell by aggluti-
nation  and  are  represented  in the present study with
members  of 9 out of 11 putative families  (Heleoperi-
dae,  Hyalospheniidae,  Difﬂugiidae,  Nebelidae,
Lesquereusiidae,  Paraquadrulidae,  Centropyxidae,
Plagiopyxidae,  Trigonopyxidae).  The  Suborder is
not  monophyletic  in reconstructions  here (Fig. 3B),
and  monophyly  of the  group is rejected  by the
AU  test  (Table 3).  The  Lesquereusiidae, deﬁned
as  the Arcellinida  capable  of biomineralizing sil-
ica  (Ogden  1979),  originally  included  the genera
Lesquereusia,  Quadrullela  and Netzelia,  with  the
later  additions  of Microquadrulla  and the  marine
Pomoriella  (Meisterfeld  2002).  This  group is  not
monophyletic  in our  multigene  reconstructions:
Quadrulella  appears  within  the Nebelidae, Les-
quereusia  is sister to a Difﬂugia+Spumochlamys
clade,  and Netzelia is in a well-supported position
sister  to the genus  Arcella.  Additionally, AU tests
reject  the possibility  that Lesquereusiidae  –  the
genera  Lesquereusia,  Quadrulella  and Netzelia –
is  monophyletic  (Table  3). However, the  monophyly
of  Netzelia  and Lesquereusia  cannot  be rejected
(Table  3). The  position  of Quadrulella  is conﬁrmed
by  phylogenetic  analyses  of cytochrome oxidase 1
(Kosakyan  et al. 2012).
Monophyly of genera  within  the Arcellinida is vari-
able:  while  the genera  Arcella and  Spumochlamys
are  monophyletic  (86% and  97%  BS respectively,
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Figure  1.  Images  of  organisms  used  in  this  study.  a)  Chaos  carolinensis, stack  of  eight  images  under  DIC;  b)
two Amoeba  proteus  individuals,  differential  interference  contrast  (DIC);  c,  d)  individuals  of  Difﬂugia  bryophila
that were  genome  ampliﬁed,  Hoffman  Modulation  Contrast  (HMC);  e)  individuals  of  Heleopera  sphagni  that  were
genome ampliﬁed,  HMC  image;  f,  g)  details  of  Heleopera  sphagni  shell  under  scanning  electron  microscopy;
h, i)  individuals  of  Lesquereusia  modesta  that  were  genome  ampliﬁed,  HMC  images;  j, k,  l,  m)  individuals  of
Quadrulella symmetrica  that  were  genome  ampliﬁed  (j,  k)  and  had  their  cDNA  libraries  constructed  (l,  m);  n)
Lesquereusia spiralis  individual  that  was  genome  ampliﬁed  (HMC);  o)  Hyalosphenia  papilio  that  was  genome
ampliﬁed (HMC);  p)  Nebela  carinata;  q)  representative  individual  from  culture  of  Saccamoeba  lacustris  CCAP
1572/4 (DIC);  r,  s)  representative  individuals  from  Rhizamoeba  saxonica  CCAP  1570/2  (DIC);  t,  u)  Netzelia
wailesi individual  that  was  genome  ampliﬁed;  v,  x)  Netzelia  tuberculata  individual  that  was  genome  ampliﬁed,
although images  don’t  quite  show  the  characteristic  protuberances  of  the  shell,  these  were  prominent  while
observing the  living  individual.  Scale  bars  are  100  m  for  a,  b,  c,  e,  i,  n,  o,  p,  t (bar  for  d  is  same  as  c);  50  m
for h,  j,  k,  l, m,  u,  v,  x;  30  m  for  f;  25  m  for  q,  r,  s;  and  10  m  for  g.
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Fig.  3B), the other  three  genera  represented  by
more  than  one species are  not monophyletic
(Heleopera,  Hyalosphenia  and Nebela,  Fig.  3B).
However  the AU test cannot  reject  the  monophyly
of  any of these  three  genera  (Table 3).
Discussion
The  addition of 22  taxa  combined  with larger  gene
sampling  reveals a phylogeny that is generally
consistent  with hypotheses  on the six principal
lineages  of Tubulinea (Fig. 3B), albeit  still with
low  resolution  at  deep  nodes. The  monophyly
of  Echinamoebidae,  Leptomyxida,  Poseidonida,
“Hartmannellidae”  (excluding  Saccamoeba  limax)
and  Amoebidae  that  were  previously  recovered
in  numerous  SSU  rDNA and  actin  gene  recons-
tructions  (Amaral Zettler  et al. 2000; Brown et al.
2011;  Cavalier-Smith  et al. 2004;  Corsaro  et al.
2010;  Dykova et al. 2008a, b; Fahrni et al. 2003;
Kudryavtsev  et al. 2009;  Lahr  et al. 2010, 2011;
Lara  et al. 2008;  Nikolaev  et al. 2005;  Smirnov  et al.
2005,  2009;  Tekle et al. 2008)  are conﬁrmed  here
with  the  addition  of sequences  for  four protein  cod-
ing  genes (encoding - and  -tubulins,  eEF2 and
the  14-3-3).
The Arcellinida  appear in our  maximum  likeli-
hood  tree  as polyphyletic  (Fig.  3B).  However, this
split  of Arcellinida  does not  receive  substantial
bootstrap  support and an AU test does not  con-
clusively  reject topologies  where Arcellinida  are
monophyletic  (Table  3). Given still incomplete  taxo-
nomic  sampling  within the group  coupled with lack
of  statistical  support, it would be premature  to con-
clude  that Arcellinida  is not a natural  group.  With
the  exception  of a strongly  supported  relationship
between  the  Amoebidae  and the “Hartmannelidae”,
a  group  termed Tubulinida (Smirnov et al.  2005), the
relationships  among the six main  lineages  remain
uncertain.  This is seen  even with the addition of four
protein  coding  genes, as evidenced  by low  support
for  the backbone  of the tree  (Fig. 3B).
The  more comprehensive  sampling  presented
here,  which emphasizes Arcellinida,  enables  more
ﬁne-grained  analysis within  that  group. Higher-level
relationships  within  the Arcellinida are currently
deﬁned  according  to shell  composition,  though  this
classiﬁcation was proposed  as explicitly provisional
(Meisterfeld  2002). The three  more  inclusive groups
are:  1) Difﬂugina,  characterized by an agglutinated
shell  composed  of  either  collected  particles (xeno-
somes,  eg. Difﬂugia) or  biomineralized  particles
(idiosomes,  eg. Lesquereusia);  2) Arcellina, char-
acterized  by a secreted  organic  membranous  (eg.
Microchlamys)  or chitinoid  shell  (eg. Arcella);  and
3)  Phryganelina,  which are  classiﬁed separately
by  their distinguished  pseudopodial  morphology
rather  than by  features  of the shell  (Cryptodifﬂugia
and  Phryganella)  (Meisterfeld  2002). The Arcellina
(represented  here  by the  genera  Arcella, Pyxidicula
and  Spumochlamys)  do not appear  monophyletic,
although  monophyly  is not rejected  by the AU  test
(Fig.  3B, Table 3). The  monophyly  of Difﬂugina is
rejected  by the AU test and relatively high BS val-
ues  (Fig.  3B, Table 3), indicating  that  agglutination
is  either  an ancestral  character  state  in the group
(a  symplesiomorphy)  or evolved  several  times (a
convergence).  The  current  topology  indicates that
symplesiomorphy  is a more likely hypothesis as
groups  that secrete organic  tests appear to derive
from  taxa with presumably  an ancestral state  of
agglutinated  tests  (genus  Arcella  and the Nebeli-
dae/Hyalosphenidae  group;  Fig. 4). The monophyly
of  the Lesquereusiidae  can also  be rejected  by AU
tests  (Table 3), indicating  at least  two  origins of
silica  biomineralization  within the Arcellinida (the
monophyly  of Lesquereusia  + Netzelia cannot be
rejected,  but Quadrulella  falls within  the Nebelidae,
separate  from the  other two; Fig.  3B).
The  current  reconstruction,  as well as  other
recent  phylogenies  based  on SSU  rDNA,  actin and
cox1  (Gomaa  et al. 2012;  Kosakyan  et al. 2012;
Lahr  et  al. 2011) suggest  that shell  shape  might be
more  indicative of relationships  within Arcellinida
than  shell composition,  as  suggested  by Gomaa
et  al. (2012)  (Fig. 4). Organisms  with similar shell
shape  group together. Arcella and  Netzelia both
have  shells that  are  round  in cross-section with a
round  aperture, while Quadrulella  and other Nebe-
lidae  (Hyalosphenia,  Nebela,  Apodera, Porosia)
have  vase-shaped  shells  that are  ﬂattened  in cross-
section  and  have ellipsoid  apertures  (Fig. 4).  Of
further  evolutionary  interest,  there  are a number of
“intermediary”  taxa, taxa  displaying the shell shape
of  one group  and shell  composition  of another,
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Figure  2.  Phylogenies  for  each  of  the  protein  coding  genes  surveyed  in  the  present  study,  including  all  charac-
terized paralogs.  The  taxa  in  each  tree  are  the  ones  that  were  concatenated  in  the  ﬁnal  analyses.  Single  gene
trees are  shown  for:  A)  actin;  B)  -tubulin;  C)  -tubulin;  D)  eEF2;  E)  14-3-3  regulatory  protein.  Scale  bar  for
each phylogeny  is  indicated  underneath  the  respective  tree.  Only  bootstrap  supports  above  70%  are  shown.
An SSU  rDNA  tree  is  available  as  Supplementary  Figure  S1.
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Figure  3.  Maximum  likelihood  phylogeny  of  Amoebozoa  based  on  ﬁve  concatenated  gene  sequences:  A)  Tree
emphasizing general  relationships  between  the  Amoebozoa.  B)  Same  tree  emphasizing  relationships  within
the Tubulinea.  Taxa  in  bold  are  novel  data.  Branches  are  drawn  to  scale,  except  in  cases  indicated  by  a break,
where branches  where  cut  in  half.  Dashed  lines  indicate  non-monophyletic  groupings.  Only  bootstraps  above
50% are  shown.
which have yet to be sampled for molecular  data.
Lesquereusia  mimetica  has  the  typical  Lesquereu-
sia  shell, with  the neck bent  over the body of
the  test. However  L. mimetica’s  shell  is built  with
roughly  agglutinated  material,  in a manner  more
similar  to Difﬂugia  (ﬁgs  21-28 in Lahr  and Lopes
2007).  Similarly,  Difﬂugia gramen and D.  achlora
have  shells similar in shape to Netzelia (round  shell
with  lobed aperture) but agglutination  is more like
Difﬂugia,  (i.e.,  with the  absence of idiosomes;  ﬁgs
11-15  in Lahr  and Lopes 2006).  Netzelia  them-
selves  are able to both autogenously  produce  silica
and incorporate  carbohydrate  material after  adding
a  layer of  silica (Anderson 1992). Pseudonebela
africana  and Padaungiella  nebeloides  are  both
shaped  like pyriform  Difﬂugia (vase-shaped shell,
with  round  cross-section  and round  apertures,
respectively;  ﬁgs  1b-m  in (Lahr  and  Souza 2011)
and  ﬁgs 6-11  in (Todorov  et  al. 2010))  but the  shell
composition  is more akin to that of Nebela,  with
agglutinated  biomineralized  plates.
Certain assumptions  about  test construction in
the  Arcellinida  may need to be  revised in light
of  combined  results from the present work and
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Figure  4.  Relationships  among  the  Tubulinea,  illustrating  morphological  traits.  Shell  composition  for  Arcellinida
is indicated  in  parenthesis.  Branches  were  collapsed  to  polytomies  where  support  is  less  than  70%  in  Figure  3.
Branches are  not  drawn  to  scale.
others  (Gomaa  et al. 2012; Kosakyan et al. 2012).
The  siliceous plates  in  Nebela  are assumed  to
be  collected  either from the environment or  from
prey  organisms,  rather than autogenously  pro-
duced  (Meisterfeld  2002).  However results  placing
Quadrulella  amidst  the  Nebelidae  prompt a re-
evaluation  of this  assumption as it is possible  that at
least  some  members  of the Nebelidae  synthesize
silica. If so, a  case of parallel  evolution can be  drawn
by  comparing  events  in the  two well  supported
clades  shown  here  (Fig. 4): Netzelia biomineral-
izes  silica  and its sister-group Arcella  secretes an
organic  shell;  in  the Nebelidae/ Hyalosphenidae,
genera  Nebela, Quadrulella,  Porosia and Apodera
biomineralize  silica while  the nested  Hyalosphe-
nia  produce  an  organic  shell.  In other  words,  the
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Table  3. Results  from  the  approximately  unbiased  test  (AU).
Constraint  tested wkh  au  wsh
Poseidonida+Hartmannellida  s.s. 0.00  0.00  0.01
Poseidonida+Hartmannellida  core  0.00  0.00  0.03
Poseidonida+Amoebidae 0.00  0.00  0.06
Poseidonida+Arcellinida s.s. 0.17  0.20  0.70
Poseidonida+Arcellinida core 0.33  0.36  0.92
Poseidonida+Leptomyxida 0.00 0.00  0.00
Poseidonida+Echinamoeboidea 0.00 0.00  0.00
Amoebidae+Hartmannellidae  s.s.  0.46  0.58  0.99
Amoebidae+core Hartmannelidae  0.45  0.58  0.99
Amoebidae+Arcellinida s.s.  0.00  0.02  0.00
Amoebidae+core Arcellinida 0.00  0.00  0.00
Amoebidae+Echinamoeboidea 0.00 0.00  0.00
Amoebidae+Leptomyxidae 0.00 0.00  0.00
Hartmannellidae s.s. 0.33  0.40  0.96
Hartmannellidae s.s.+Arcellinida  s.s. 0.00  0.00  0.00
Hartmannellidae core+Arcellinida  core 0.00  0.00  0.00
Hartmannellidae s.s.+Echinamoeboidea 0.00  0.00  0.00
Hartmannellidae core+Echinamoeboidea 0.00  0.00  0.00
Hartmannellidae s.s.+Leptomyxida  0.00  0.00  0.00
Hartmannellidae core+Leptomyxida  0.00  0.00  0.00
Leptomyxida+Echinamoeboidea  0.01  0.00  0.07
Arcellinida s.s.  0.24  0.31  0.92
Arcellinida s.s.+Echinamoeboidea  0.00  0.00  0.00
Arcellinida core+Echinamoeboidea  0.00  0.00  0.01
Arcellinida s.s.+Leptomyxida  0.00  0.00  0.00
Arcellinida core+Leptomyxida  0.00  0.00  0.00
Difﬂugina 0.00  0.00  0.00
Lesquereusiidae 0.00  0.00  0.00
Lesquereusia+Netzelia 0.01  0.02  0.17
Arcellina 0.02  0.02  0.24
Arcella+Pyxidicula 0.03  0.05  0.34
Arcella+Spumochlamys 0.15  0.20  0.80
Spumochlamys+Pyxidicula 0.25  0.33  0.88
Nebela 0.03  0.02  0.29
Heleopera 0.15  0.20  0.77
Hyalosphenia 0.47  0.59  0.99
Notes:  The  constraints  tested  column  lists  the  taxa  that  were  tested  for  monophyly.  Wkh  –  weighted  Kishino-
Hasegawa test;  au  –  Approximatelly  unbiased  test;  wsh  –  weighted  Shimodaira-Hasegawa  test.  The  tests  are
listed in  increasing  order  of  conservativeness,  that  is,  the  wkh  test  is  the  least  conservative,  most  prone  to  type
I error.  The  wsh  is  the  most  conservative,  most  prone  to  type  II  error.  The  au  test  is  the  most  balanced  test.  In
bold are  the  relationships  that  can  be  rejected  as  monophyletic.
evolution of the ability  to biomineralize silica in both
of  these  clades may have then  been followed  by
independent  loss  of this character in genera  Arcella
and  Hyalosphenia.
Within the Arcellinida  there is extensive  lack
of  monophyly  for morphologically  well-established
genera:  Nebela, Heleopera and Hyalosphenia  all
do  not  appear  monophyletic in the current and
previous  reconstructions  (Lahr  et al. 2011; Lara
et  al. 2008),  although  the  AU test does  not  allow
rejection of  monophyly  for  any of  these  taxa
(Table  3). All  three genera  are  well deﬁned  morpho-
logically,  and it comes  as a surprise  that  multiple
isolates  end up  in disparate  portions  of the tree
(Fig.  3B). One possibility  is that some of the iso-
lates  are contaminants  or  misidentiﬁcations.  This
possibility  is unlikely,  for in all cases  two laboratories
have  independently  isolated cells and generated
sequences:  the Mitchell  laboratory  (Gomaa  et al.
2012;  Lara  et al.  2008) and our group (current
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study).  The Heleopera  case is particularly  interest-
ing  because  members  of this genus  have  a known
green-algal  endosymbiont,  and may have others.
Thus,  there  is still a possibility that multiple  labs
have  sequenced  an internal organism,  a resident
symbiont,  or  undigested  food, and the true Hele-
opera  sphagni  SSU rDNA  remains unknown.  It is
also  possible  that adding  representatives  of the  44
unsampled  genera  in Arcellinida  (Meisterfeld  2002)
will  help resolve  or even  change the  topology.
A  lack of monophyly  among less  inclusive lin-
eages  (e.g., genera  and species) runs  rampant
in  the Tubulinea beyond  the  Arcellinida.  The
genus  Hartmannella  is  probably  the  most  striking
example,  with representatives  scattered in three
of  the ﬁve major tubulinid lineages  (Fig. 3B).
It  is noteworthy  that  Copromyxa cantabrigiensis
and  Vermamoeba  vermiformis were  only  recently
removed  from the genus  (Brown  et  al. 2011;
Smirnov  et al. 2011).  Taking  into account  that the
type  strain Hartmannella  hyalina is lost  (Brown  et  al.
2011;  Page  1967),  it will be extremely  difﬁcult to
determine  which of the  many  lineages should  retain
the  taxon name  and Hartmannella  may qualify as
nomen  nudum.  Perhaps the  best solution  will be to
invalidate  the  genus, by transferring  or proposing
novel  genera  for each of the three  major  lineages.
Hartmannella  abertawensis  stands out as  an  imme-
diate  candidate  to be  transferred  to Nolandella,
given  its stable  position  in the current  reconstruc-
tion  as well as morphological  characteristics and
ecology.  However this should  only  be done after an
appropriate  morphological  assessment.  Another
case  of a non-monophyletic  genus is Rhizamoeba,
at  least given  the current  taxon  and  gene sampling.
Current  results corroborate  non-monophyly  found
in  other  SSU rDNA reconstructions  (Dykova et al.
2008a;  Smirnov et  al.  2009;  Smith et al. 2008).
Observations  of diverse testate amoebae  in
the  Precambrian  combined  with the phylogeny
of  Arcellinida  presented  here  generate  several
hypotheses  on the early  evolution of this group.
Arcellinida  fossils  in marine  sediments  from
750mya  represent some  of the oldest,  unambigu-
ous  records  of extant eukaryotic  lineages  (Porter
and  Knoll  2000;  Porter et al. 2003).  There  is
considerable  taxonomic  diversity  in these  marine
sediments,  including  specimens  that morphologi-
cally  similar to Arcella, Lesquereusia,  Difﬂugia and
Heleopera  (Bosak et al. 2011;  Porter et al. 2003).
These  fossil marine  morphospecies  interdigitate
with  the freshwater  species characterized  for this
study,  yet only a  few extant marine representatives
have  been described (e.g.  Pomoriella  valkanovi
(Golemansky  1970)).  Further,  the monophyly  of
Arcellinida (with or without Heleopera  sphagni)
and  the  marine Poseidonida  cannot be  rejected
(Table  3). Synthesis of these  observations  lead to
two  related  possibilities:  1) Arcellinida evolved in
a  marine environment,  perhaps  from a common
ancestor  with the  Poseidonida,  and subsequently
invaded  the freshwater  environments  in  which  they
are  now common  after diversiﬁcation;  2) there is
considerable  diversity of extant marine Arcellinida
yet  to be discovered.
Conclusions
The  phylogeny  of Tubulinea  presented here cor-
roborates  previously  deﬁned higher-level groups,
but does not resolve  the relationships  among them.
Similarly,  previously  well-supported  groups remain
so,  while others, such as Arcellinida,  still  require
further  study. Better  resolution  may come from
increased  sampling  of both  genes  and taxa: for
example,  over 40 genera  in the Arcellinida have
not  been  sampled  for  molecular  data. Alterna-
tively,  heterogenous  rates  of evolution or other
complexities  of genome  evolution  in these  lineages
may  confound  attempts to reconstruct  phyloge-
netic  relationships  with existing methodologies. The
main  advances  provided  by the approach taken
here  lie in the resolution  of lower-level relation-
ships:  1)  Rhizamoeba  saxonica  CCAP 1570/2  has
been  placed  at a distinct position than  previous
reconstructions  that  relied  on SSU rDNA  alone;
2)  genera  within  Amoebidae  were  recovered as
monophyletic  for the ﬁrst time; and  3) extensive
non-monophyly  has been demonstrated  for addi-
tional  genera,  which will require  additional studies
to  resolve.
Methods
Taxon  sampling:  Amoebae  were  obtained  by  two  methods:  1)
culturing  of  newly  isolated  or  deposited  strains  and  2)  isolation,
photo-documentation  and  genome  ampliﬁcation  or  construc-
tion of  cDNA  libraries  of  individuals  or  small  groups  of  freshly
isolated  organisms  (Table  1,  Fig.  1).  Arcella  hemisphaerica,
Cryptodifﬂugia  operculata  and  Vermamoeba  vermiformis  were
isolated  and  cultured  as  previously  described  (Lahr  et  al.  2010;
Lahr and  Katz  2009).  Chaos  carolinensis  (Cat.  no  131324),
Amoeba  proteus  (Cat.  No  131306)  and  Lesquereusia  spiralis
(Cat.  no  131334,  listed  as  Difﬂugia) cultures  were  obtained
from  Carolina  Biological  Supply.  These  amoebae  were  cleaned
by multiple  transfers  of  sterilized  pond  water  and  allowed
to sit  overnight  to  ﬁnish  digestion  of  prey  organisms  before
being subjected  to  cDNA  construction.  Arcella  gibbosa, Dif-
ﬂugia bryophila,  Difﬂugia  lanceolata  and  Difﬂugia  cf.  lacustris,
Heleopera  sphagni, Hyalosphenia  papilio,  Lesquereusia  mod-
esta, Nebela  carinata, Nebela  penardiana,  Netzelia  wailesi,
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Netzelia  tuberculata  and  Quadrulella  symmetrica?  were  iso-
lated from  natural  sources  (details  in  Table  1),  cleaned  through
successive  transfers,  photodocumented  and  then  subjected  to
genome  ampliﬁcation  and/or  construction  of  cDNA  libraries.
Saccamoeba  lacustris  CCAP  1572/4,  Rhizamoeba  saxonica
CCAP 1570/2  and  Nolandella  hibernica  CCAP  1534/10  were
obtained  from  the  Culture  Collection  of  Algae  and  Protozoa.
These  cultures  were  grown  according  to  instructions  from  the
repository,  and  large  numbers  of  amoebae  were  harvested  for
cDNA  construction.
DNA  and  cDNA  isolation:  Genetic  material  was  obtained
by three  methods:  1)  genomic  extraction;  2)  genomic  ampli-
ﬁcation and  3)  construction  of  cDNA.  For  genomic  extraction
(gEXT),  cultures  were  grown  either  in  liquid  media  or  agar
plates as  previously  described  (Lahr  et  al.  2011),  amoebae  were
harvested  and  cleaned  either  through  several  washes  or  by  ﬁl-
tering, and  subjected  to  a  standard  phenol/chloroform  protocol
(Lahr  et  al.  2011).  For  genomic  ampliﬁcation  (gAMP),  one  or  a
small group  of  organisms  was  isolated,  cleaned  through  washes
in sterile  water,  left  overnight  to  ﬁnish  digestion  of  prey  orga-
nisms, and  subjected  to  ampliﬁcation  using  a  Repli-g  Genomic
ampliﬁcation  kit  (Qiagen,  Cat.  No.  150023)  following  manufac-
turer’s directions.  The  same  strategy  for  isolation  and  cleaning
of organisms  was  adopted  for  construction  of  cDNA  libraries,
but in  the  ﬁnal  step  organisms  were  subjected  to  lysis  and
cDNA contruction  protocol  through  a  SuperScript  III  Cells  Direct
kit (Invitrogen,  Cat.  No.  18080-200),  following  manufacturer’s
instructions.
Ampliﬁcation  of  target  genes,  cloning  and  sequencing:
We performed  ampliﬁcation  of  genes  of  interest  using  Phusion
Hot Start  DNA  polymerase  (New  England  BioLabs,  Cat.  no.
F540),  following  manufacturer’s  instructions.  Small  subunit  ribo-
somal  DNA  (SSU  rDNA)  and  actin  genes  were  ampliﬁed  with
previously  described  primers  (Medlin  et  al.  1988;  Snoeyenbos-
West  et  al.  2002;  Tekle  et  al.  2007).  The  remaining  genes  were
ampliﬁed  with  newly  designed  primers  (-tubulin:  TGG  GCT
AAG  GGT  CAY  TAY  ACN  GAR  GG,  CTC  CGT  TTC  CCN  GGN
CAR YTN  AA,  GAA  GAA  GTG  NAG  NCK  NGG  RAA  NGG,
GGT GTA  CCA  GTG  NAR  RAA  RGC  YTT;  -tubulin:  GGC  AAG
GAG GAC  GCN  GCN  AAY  AAY  TWY  GC,  TTG  AAG  CCT  GTC
GGR CAC  CAR  TCN  ACRAAY  TG,  ACC  TTC  GCC  GAC  RTA
CCA RTG  NAC  RAA  NGC;  14-3-3:  CTG  AGC  AAG  CTG  ARM
GNT AYG  ANG  ARA  TGG,  GTT  GCC  TAC  AAR  AAY  GTY  RTY
GGN GC,  AGT  GCA  AGA  CCN  ARN  CGG  ATN  GGG  TG,  GCG
ATG GCA  TCA  TCG  AAN  GCN  TGR  TTN  GC;  ef2: GAA  GTC
ACT GCT  GCN  CTN  CGN  GTN  ACN  GA,  GGT  GTT  TGC  GTC
CAA ACN  GAR  ACN  GTN  CT,  CGC  CCG  AAG  GCA  TAG  AAN
CGN CCY  TTR  TC,  AAA  TCT  CCA  GGT  GNA  GYT  CNC  CNG
CNC C).  In  general,  reactions  were  performed  on  serial  dilutions
of starting  material  (1x,  1:10x,  1:100x,  1:500x)  to  determine
the lowest  amount  of  starting  DNA  necessary  for  ampliﬁcation,
in an  attempt  to  minimize  the  formation  of  chimeras.  Detailed
conditions  are  explained  in  (Lahr  and  Katz  2009).  Successfully
ampliﬁed  products  were  then  gel  isolated  using  the  Millipore
Ultra Free  DA  spin  column,  and  cloned  using  the  Zero  Blunt
TOPO cloning  kits  (Invitrogen,  Cat.  No.  K280020)  according
to manufacturer’s  instructions.  Colonies  were  then  screened
by PCR  and  generally  8  positive  colonies  were  sequenced  in
an ABI3100  sequencer  (Applied  Biosystems,  Foster  City,  CA,
USA) at  the  Smith  College  Center  for  Molecular  Biology.
Many  of  the  gene  sequences  generated  in  this  study  are  pio-
neering  for  this  territory  of  the  tree.  We  carefully  analyzed  each
sequence  generated  using  several  BLAST  strategies  and  tree-
search algorithms.  For  each  sequence,  we  speciﬁcally  looked
for evidence  of  contamination  from  other  eukaryotic  organisms.
Speciﬁcally,  the  sequences  originating  from  single  cell  protocols
are  more  prone  to  contamination,  while  sequences  gener-
ated from  cell  cultures  are  unlikely  to  be  contaminants.  We
have discarded  roughly  40%  of  sequences  generated.  How-
ever,  many  sequences  have  shown  signiﬁcant  divergence  from
other available  amoebozoan  sequences  (principally  from  the
genomes  of  E.  histolytica  and  D.  discoideum)  but  did  not
show signiﬁcant  similarity  to  anything  else  considered  con-
taminating.  Some  sequences  showed  equidistance  between
Amoebozoa  and  other  eukaryotes.  These  sequences  were
maintained  in  our  analyses,  and  will  need  further  sequencing  of
closely  related  groups  before  contamination  can  be  determined
for certain.  Genbank  accession  numbers  for  sequences  used
are: SSU  rDNA  JQ519502-511,  actin  JQ519417-458,  -tubulin
JQ51459-476,  -tubulin  JQ51477-488,  14-3-3  JQ519397-416,
eEF2 JQ519489-498.
Analytical  methods:  With  the  resulting  set  of  111  new
sequences  (Table  1),  we  reconstructed  the  phylogeny  of  each
gene independently,  both  to  determine  possible  ancient  par-
alogy as  well  as  a  point  of  comparison  for  concatenated
reconstructions.  Taxon  sampling  for  Amoebozoa  is  identical  to
the dataset  used  in  Lahr  et  al.  (2011),  with  the  addition  of  the
taxa sampled  in  the  current  study.  Broader  eukaryotic  sampling
comprises  a  dataset  of  representative  organisms  named  10-16
proposed  by  Parfrey  et  al.  (2010)  and  this  dataset  is  available
for download  at  Treebase  (www.treebase.org).  For  SSU  rDNA
and each  protein  coding  gene,  alignments  were  constructed
in SeaView  (Galtier  et  al.  1996;  Gouy  et  al.  2010)  with  align-
ment algorithm  MAFFT  (Katoh  et  al.  2009)  using  the  L-INS-I
setting.  Alignments  were  then  subjected  to  automated  removal
of ambiguously  aligned  sites  using  the  software  GUIDANCE
(Penn et  al.  2010).  We  performed  maximum  likelihood  phylo-
genetic  reconstruction  for  each  gene  using  RAXML  HPC  7.2.7
(Stamatakis  2006;  Stamatakis  et  al.  2008)  as  implemented  in
the online  server  CIPRES  (Miller  et  al.  2009).  We  ran  100  rapid
bootstrap  searches  using  the  GTRCAT  approximation  followed
by a  slow  maximum  likelihood  search  using  the  GTRGAMMA
model for  the  SSU  rDNA  partition  and  the  LG  model  with
gamma  distribution  of  site  heterogeneity  for  the  protein  parti-
tion. The  most  appropriate  model  for  amino-acid  evolution  was
determined  using  model  testing  implemented  both  in  the  soft-
ware ProtTest  3.0  (Darriba  et  al.  2011)  and  the  online  server
Datamonkey  (Delport  et  al.  2010),  which  gave  similar  results.
Bootstrap  values  of  the  GTRCAT  search  were  then  plotted  on
the best  tree  found  by  maximum  likelihood  search  for  compar-
ative analysis.
Each  gene  phylogeny  was  analyzed  to  determine  which  par-
alogs should  be  used  for  concatenation.  In  most  cases,  there
was no  indication  of  ancient  paralogy  so  we  chose  the  shortest
branching  paralog  for  concatenation  (Table  2).  In  the  few  cases
where  duplication  predated  species  divergence,  we  took  care
to choose  orthologous  genes  (Table  2).  We  concatenated  all  six
genes  into  one  ﬁle,  consisting  of  224  taxa  and  3075  sites.  The
dataset  is  missing  42%  of  genes  (out  of  224  taxa,  the  matrix
has 222  taxa  with  information  for  SSU  rDNA,  176  for  actin,  111
for   tubulin,  99  for  14-3-3,  97  for    tubulin  and  82  for  eEF2).
We performed  the  analyses  on  this  concatenated  dataset  using
RAXML  HPC  7.2.7  as  described  above,  but  with  two  partitions:
one for  the  SSU  rDNA  gene  and  one  large  partition  with  all  5
protein  coding  genes  and  LG  model  of  substitution  with  gamma
distribution  of  site  heterogeneity,  as  determined  by  the  soft-
ware  ProtTest  3.0  (Abascal  et  al.  2005;  Darriba  et  al.  2011).
We have  also  performed  a  slower,  more  accurate  search  in
RAXML  HPC  7.2.7  consisting  of  650  multiparametric  bootstraps
using GTRGAMMA  (as  opposed  to  rapid  bootstraps  based  on
the GTRCAT  approximation),  followed  by  100  maximum  likeli-
hood searches,  each  starting  from  an  independent  maximum
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parsimony  starting  tree.  The  resulting  topology  from  this  slower,
more accurate  approach  was  identical  to  the  topology  obtained
from the  faster  approach,  and  the  bootstrap  values  had  minimal
variation.  The  faster  approach  is  at  least  one  order  of  magni-
tude less  time  consuming.  We  present  results  from  the  slower
approach  in  Figure  3.
With  the  results  from  the  unconstrained  reconstruction  at
hand,  we  designed  constraints  to  several  proposed  groups  as
well as  non-monophyletic  groups  to  be  tested  by  the  approx-
imately  unbiased  test  (AU  (Shimodaira  2002,  2004)).  The  AU
test provides  a  statistical  measure  whether  the  current  dataset
is able  to  reject  the  monophyly  of  constrained  groups.  We  gen-
erated maximum  likelihood  reconstructions  with  constraints  for
each of  36  hypotheses  that  were  not  monophyletic  in  the  most
likely tree.  Parameters  for  tree  searching  in  RAxML  HPC  7.2.7
were identical  to  the  standard  reconstruction  (here  the  advan-
tages  of  a  less  computationally  intensive  approach  become
critical,  hence  for  this  analyses  we  used  the  resulting  con-
catenated  tree  from  the  fast  approach).  All  trees  were  then
compared  to  the  best  tree  found  on  the  standard  analysis
using RaxML  to  calculate  per-site  log  likelihoods.  The  per-site
likelihoods  were  then  analyzed  in  CONSEL  (Shimodaira  and
Hasegawa  2001)  with  standard  parameters  to  obtain  p-values.
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